The German future space launcher technology research program ASTRA considers for near term application a reusable first stage design which is called a winged liquid fly-back booster (LFBB). The regarded partially reusable space tranportation system consists of two booster stages, which are attached to the expendable Ariane 5 core stage at an upgraded future technology level. The main area of interest of the present study is the return flight after the staging procedure which domi-
nates the aerodynamic design of the LFBB.
The goal considered in the present paper is the refinement of an existing LFBB design. With view to the trim of the vehicle former results show that there is an essential need to consider a configuration with canards. The canard deflections then may be limited to η can ≈8°f or subsonic flow and they are always smaller than η can =5°for super-and hypersonic flight conditions.
Main problem of the current configuration is the lack of longitudinal stability during the sub-/ transonic cruise flight at M<0.7.
Detailed aerodynamic parameter studies concerning the longitudinal motion point out that it is possible to adapt the current LFBB in a way that it allows a stable flight along the complete return trajectory and that it additionally enables a very robust trim behaviour.
Introduction
The current aerodynamic design loop of the LFBB requires trimmed aerodynamic datasets for the complete flight trajectory between M=0.27 and M=6.5 and angles of attack of 5°< α < 35°. The aerodynamic studies are based on unstructured Euler calculations with the DLR TAU-Code for M < 2. For M > 2 the DLR surface inclination method HOTSOSE is applied. As shown in [1] and [2] both codes are well established for these kind of applications. The skin friction drag is estimated based on the assumption of a turbulent flat plate as [3] . Additionally a windtunnel model (Fig. 1) is defined to verify the aerodynamic approach for conditions without and with sideslip. The force measurements at Mach numbers between 0.5 < M < 7 were performed in the DLR windtunnels TMK and H2K [4] .
Main goal of the present study is to adapt the initial booster configuration of [5] in a way that its behaviour is robust over the complete Mach number range. The results of the studies, summarised in [6] , show the essential need of canards to increase the static margin and to enable the trim of the vehicle. The resulting vehicle with canards (configuration "Y7") is the basis for the defini-
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AIAA 21st Applied Aerodynamics Conference, Orlando, Florida, 23 -26 Jun 2003 tion of the wind tunnel model (Fig. 1 ). The analysis of LFBB "Y7" shows its robust behaviour concerning the trim. The canard deflections may be limited to η can ≈8°f or subsonic flow and they are always smaller than η can =5°for super-and hypersonic flow conditions (Fig.   2) . The comparison of the neutral point position and the center of gravity points to the main problem of configuration "Y7", it has a lack of longitudinal stability during the dominating sub-/ transonic cruise flight at M < 0.7. Therefore, the focus of the given paper is the analysis of this flow regime and the definition and analysis of adaptations which enable to increase the static margin and to preserve the robust trim behaviour.
Analysis of LFBB "Y7" in Sub-/ Transonic Flight
At first the aerodynamic behaviour of configuration "Y7" is analysed in order to extract and propose adaptations which might improve its trim and the static margin, especially in sub-and transonic flight. The discusssion focusses on the analysis of the static margin as well as the trim behaviour of the vehicle and partially recalls the findings discussed in [6] . Considering the flap deflections for subsonic and transonic flight conditions in Fig. 2 it turns out that, with the exception of M=0.95, all canard deflections are smaller than η can =10°. The reason for the increased canard deflections for 0.9 < M < 1 is given in Fig. 3 . The comparison of the flow fields for M=0.7 and M=0.95 points out that a vortex is established along the leading edge of the canard for M=0.7. It is responsible for the relatively small canard deflections in subsonic flow because it increases the canard efficiency. For transonic conditions it is visible that vortex bursting appears at the trailing edge of the canard. This behaviour results in the situation, that the lift coefficient in transonic flow is nearly independent of the canard deflection (Fig. 4) . Therefore, larger canard deflections are required. A second effect in transonic flow is the tailward shift of the neutral point for 0.75 < M < 0.95 and the following frontward movement for 0.95 < M < 1.025. This behaviour may be explained with the help of Fig. 5 . For the explanation it has to be recalled that the aerodynamic forces resulting from a change in angle of attack are acting in the neutral point. Therefore, a comparison of the pressure distributions for two angles of attack allows an assessment of the influence of the Mach number on the neutral point position. First, the upper surface pressure distributions for M=0.7 are considered. The comparison of α=0°and α=5°shows that the leading edge vortex of the canard is responsible for the increase of the lift force. The vortex strength along the canard leading edge increases and this vortex also induces a low pressure region over the outer part of the main wing. If now the results for M=0.9 are considered it is visible that the overall upper surface pressure levels of the canard do not differ significantly for the shown angles of attack. Along the inner part of the leading edge the vortex strength increases with the angle of attack but in the trailing edge region vortex bursting appears. This effect partly revokes the gain in lift obtained in the inner part of the canard. Additionally, the effect of the canard vortex on the upper surface of the main wing is significantly reduced. A second important effect on the increase of lift results from the influence of the trailing edge shock on the upper surface of the wing. In subcritical transonic flow, a shock moves rearward with increasing Mach number and / or angle of attack. This is visible when the results for M=0.975 are considered in addition. Here the shock already reached the trailing edge. For M < 0.975 the shift of the shock position is still possible and therefore, an increase on angle of attack results in a rearward extension of the low pressure region on the upper surface. In summary, regarding the results for the Mach numbers M=0.7 and M=0.9, the additional lift resulting from an increased angle of attack at M=0.9 is mainly produced in the wing region and it is not dominated by the canard vortex. This explains the sudden neutral point shift to a more backward position for 0.7 < M < 0.9. For M=0.975 the same situation appears except that the shock on the upper surface of the wing already reaches the trailing edge. This effect is independent of the angle of attack and thus, the resulting lift force acts slightly more frontward. The lack of additional suction force along the trailing edge then leads to the noseward jump of the neutral point for 0.9 < M < 1.025. Based on the Euler results the aforesaid discussion about the neutral point position also explains the lack of longitudinal stability ((x N -x S )/l=-0.055) for the subsonic cruise condition (Fig. 2) . The pressure distributions in Fig. 5 show that the strong interaction of the leading edge vortex of the canard and main wing are responsible for the given unstable behaviour of "Y7". The results indicate, that the problem can be solved if the increase of the wing lift with angle of attack ( ) is higher than the one of the canard. Additional hints to explain the small static margin are obtained if the effect of the canard and the wing are considered independent of each other. The pressure distributions in Fig. 6 show that the high canard efficiency which is required for small control surface deflection is a problem with view to the longitudinal stability. An increase of the canard deflection drastically increases the lift of the canard but reduces the lift of the wing which together reduces the static margin. The effect of the wing on the static margin is obtained if the angle of attack is increased with unchanged canard deflection. The corresponding pitching moment coefficients with view to the actual center of gravity of x S /l=0.62 are given in C Lα Fig. 7 . It is obvious, that the static margin decreases with increasing angle of attack. As Fig. 8 points out, this is a result of the strong acceleration of the flow on the upper surface of the wing. This leads to the fact that the additional lift coming from a disturbance (here a change of the angle of attack) is mainly produced along the leading edge of the wing. This results in a frontward shift of the neutral point and therefore a decrease of the static margin. At high angles of attack (here α=15°) the acceleration of the flow leads to a strong shock and a shock induced separation. For this flow condition no lift is produced in the backward part of the wing which again decreases the longitudinal stability (compare also Fig. 7 ). As conclusion it may be stated that high angles of attack have to be avoided during the subsonic cruise flight of the LFBB. As indicated by Fig. 2 the wing load is sufficiently small to keep the flown angles of attack smaller than α=5°. An increase of the static margin could be obtained by a wing airfoil with a reduced acceleration in the frontward part of the upper surface or a rear loading. The high sensitivity of the longitudinal stablility concerning the canard efficiency can be reduced by application of an asymmetric airfoil instead of the actual symmetric one. This allows a comparable lift of the canard but at smaller canard deflections. If the overall inclination of the canard with view to the free stream is decreased, the strength of the leading edge vortices is reduced or they are avoided. Another possibility to avoid or to reduce the effects of the leading edge vortices is to increase the leading edge sweep of the canard. This shifts the appearance of vortices to higher angles of attack and reduces the of the canard. In case of a disturbance both approaches reduce the additional lift of the canard and therefore, increase the static margin.
The results discussed until now are obtained based on Euler calculations and do not contain any viscous effects. The leading edge vortices of the canards are only obtained because the used symmetric airfoil was sligthly sharpened at the nose. It is well known that this gives a good approximation of the vortex strength and that it also enables to predict vortex bursting. The real vortex structure of course is not obtained. Therefore, prior to the application of the findings dicussed above a comparison with the available force measurements in the DLR TMK [4] have to substantiate the Euler results with view to the efficiencies of canard and body flap as well as with view to the static margin. Fig. 9 contains a comparison for these parameters. The control surface efficiencies are presented using the parameter ∆C m which is the change in pitching moment coming from a canard-or flap deflection. Especially for the flown range of angles of attack of α<6°the results show that the Euler calculations allow to predict the efficiencies of canard and body flap with good accuracy. With view to the static margin a similar result is obtained. The uncertainty margin between the experimental and the numerical result is less than 1% of the vehicle length. Therefore, it can be stated that additional Navier-Stokes solutions would not result in different sensitivities with view to trim and balance and it was decided to continue the following aerodynamic parameter studies based on Euler solutions.
Parameters for the Adaptation of the Static Margin
In the following the main findings to influence the static margin of configuration "Y7" are going to be introduced. In order to obtain a good comparability the center of gravity is always assumed to be at x S /l=0.62 and the body flap deflection is fixed as η BF =5°. Adapted reference areas are given in the corresponding figures if required. As shown by Fig. 5 and Fig. 6 a strong interaction between wing and canard is obtained for the cruise conditions at M<0.7. In order to get an idea about the influence of the vertical wing position with respect to the canard the original wing of configuration "Y7" was positioned in the midplane of the body directly into the water plane of the canard (Fig. 10) . The corresponding trim results are given in Fig. 11 . Main outcomes of the changed vertical wing position are an increased angle of attack, a reduced canard deflection and unfortunately, a slightly reduced static margin. The higher angle of attack results from the reduced wing lift of the mid wing configuration (e.g. -3.5% for M=0.6, α=5°). The reason for this effect was already given by the pressure distribution in Fig. 6 . Here it was shown that a canard deflection directs the flow below the wing. As a consequence of this a low pressure region is induced which reduces the wing lift and also the static margin. The same effect appears for the mid wing configuration. Due to the higher vertical wing position the flow is partially directed below the wing. This reduces the wing lift coefficient and also reduces the static margin because the canard is too dominating under these conditions. In conclusion the mid wing configuration has to be withdrawn because an additional reduction of the static margin is not acceptable. But the results point to the fact that it would be advantageous to keep the original low wing position in combination with a canard position at the top of the body. There it would accelerate the flow above the wing and an increase of the static margin would appear. Unfortunately, this version is not possible because the structural design of the attachment ring to the Ariane 5 is already finished [5] and does not allow such adaptation of the canard position.
The present results show that the of the canard has to be reduced for an increased static margin while C Lα C Lα keeping its planform area to obtain canard deflections of η can <10°. Therefore, in the next step the planform shape of the canard is adapted keeping the planform area constant (Fig. 12) . The leading edge sweep of the adapted canard is increased to ϕ LE =65°and the trailing edge sweep to ϕ TE =22°. The increased sweep of the canard reduces its and shifts the appearance of leading edge vortices to higher angles of attack. The corresponding trim results are summarized in Fig. 13 . Due to the fact that planform area and thus the wing load is kept constant also the angle of attack is not affected by the introduction of the adapted canard. As expected the canard deflections are slightly increased because of the reduced of the new canard planform. Due to the same reason the static margin is increased by 0.75% of l ref .
But despite of this gain the static margin is still (x Nx S )/l=-0.045. Therefore, with view to the goal to keep the canard deflections as small as possible and to increase the static margin as much as possible the size of the adapted canard "can6522" was changed in a wide range. Two additional canards with 50% and 25% planform area are considered (Fig. 14) . The vertical position and the axis of rotation are kept unchanged. The corresponding trim results (Fig. 15) show that the reduced planform areas are of minor interest with view to the wing load. They result in only slightly increased angles of attack. But as expected the influences on the canard deflection and the static margin are huge. First it is obvious that even the 50% canard leads to a configuration which may not be trimmed. On the other hand it is obvious that the canard is the dominating parameter to increase the static margin of the vehicle. The lower part of Fig. 15 shows that the 25% canard would allow an indifferent flight for M<0.7 although the configuration may not be trimmed.
As pointed out in chap. 2 another possibility to increase the static margin is to change the shape of the wing. The only way to increase the of the wing is to increase its aspect ratio. This is not possible because it requires an increased span which results in a higher wing mass and additional structural loads for the body. Another option is to shift the center of pressure of the wing backward. For unchanged planform area and aspect ratio this can be done by increased leading edge and trailing edge sweep angles. But this adaptation is technically not feasible because it requires an adaptation of the Ariane 5 launch pad. Therefore, the only alternative is the introduction of a rear loading airfoil. Here a RAE 2822 airfoil is chosen Fig. 16 . The trim results in Fig. 17 show that the changed camber of the airfoil results in higher angles of attack of α≈5°. The canard deflections can be halved and for the dominating cruise flight at M≈0.6 the static margin is increased by 1% of l ref . The prize for this gain at M<0.7 is a reduced static margin for M>0.8 which results from the strong shocks in the backward part of the wing. But with view to the fact that the deceleration from supersonic flight to sub-/ transonic cruise flight at M<0.7 is very short in comparison to the complete return flight, this disadvantage at M>0.8 may be accepted. A larger uncertainty to choose this airfoil is the super-and hypersonic part of the trajectory because in comparison to flat lower surface of the original wing airfoil an important loss of lift in the backward region of the cambered lower surface of the RAE airfoil is expected. This could result in the situation that the trim of the vehicle is impossible for M>2. Fig. 18 points out that this is not the case for the present vehicle configuration. It can be seen that a moderate increase of the bodyflap deflection to values of η BF ≈12°results in unchanged canard deflections. The static margin is unsensitive concerning the RAE 2822 airfoil. With the background of these additional findings and although the gain concerning the static margin is again relatively small, the introduction of the new airfoil is promising because it allows to halve the required canard deflections.
Summarizing the sensitivity study it shows that the LFBB "Y7" unfortunately is very robust concerning most of the applied geometry changes. On the other hand it is visible that the canard is the most dominating part to influence the static margin of the configuration. Nevertheless, the results are very promising because they open a great potential for the definition of a new configuration "Y8" based on the recollected results of the present chapter.
Definition and Analysis of an Enhanced LFBB "Y8"
With view to the definition of a new LFBB configuration the main findings of the previous discussion are:
• A new canard with increased leading edge sweep but constant planform area allows to in increase the static margin about 0.75% of l ref while the increased canard deflection is acceptable.
• The chosen RAE 2822 airfoil for the wing allows to halve the canard deflections and increases the static margin about 1% of l ref during the sub-/ transonic cruise flight at M<0.7. The reduced static margin in the range 0.8 < M < 1 is acceptable with view to the fact that this part of the flight is very short in comparison to the complete return flight.
• The size of the canard is the dominating parameter to stabilize the LFBB.
• With view to the canard deflection the present results show that for the sub-/ transonic cruise flight a body flap deflection of η BF =0°is to prefer (Fig. 19) . Other additional parameters to be taken into account for a new configuration are:
• The use of an asymmetric canard airfoil instead of the actual symmetric one. This allows a comparable lift of the canard but at smaller canard deflections. The overall inclination of the canard with view to the free stream may be reduced and the strength of the leading edge vortices is smaller or they are avoided.
• Additionally, the current status of the structural design results in a center of gravity at 0.59 < x S /l < 0.6 during the sub-/ transonic cruise flight.
The consequent application and superposition of these findings and facts results in the enhanced LFBB configuration "Y8" (Fig. 20) . Configuration "Y8" has a canard with a leading edge sweep of ϕ LE =65°and a trailing edge sweep to ϕ TE =22°. The size is reduced to 90% of the original size of 15m 2 . The vertical position and the axis of rotation are kept unchanged. Additionally, an asymmetric airfoil is applied. The planform of the wing is kept unchanged but the previously considered RAE 2822 airfoil is applied.
The trim results for configuration "Y8" are summarized in Fig. 21 . Here, a center of gravity at x S /l=0.60 is assumed. The results point out that the design loop is very successful. As expected for the reduced planform area of the canard the resulting angles of attack of the configuration are slightly increased to α≈6°. During the cruise flight at M<0.7 the canard deflection could be reduced to η can ≈3°. But the most important result is that configuration "Y8" has a nearly indifferent behaviour for M<0.8 and at higher Mach numbers it is stable.
The results additionally indicate a potential for a further reduction of the canard size which may lead to a LFBB configuration which is stable along the complete return flight and which has a very robust trim behaviour.
Conclusions
A complete aerodynamic design cycle for the improvement of an Ariane 5 liquid fly-back booster in transonic cruise flight was introduced. The work was performed based on Euler calculations using unstructured grids. The results were verified based on force measurement in the DLR TMK facility. The comparison with the experiments pointed out that this approach allows the accurate prediction of the canard-and body flap efficiencies as well as the static margin of the vehicle. Additionally, the application of the DLR Euler code TAU is shown to be very fast. On a NEC SX5 a complete geometry change (e.g.: adaptation of canard and wing) required less than one day, including geometry generation, grid generation, calculations and trim analysis.
The results of the aerodynamic study showed that the canard is the dominating parameter with view to the static margin of the vehicle. Additionally, the adaptation of the wing airfoil was successful. Recollecting all the findings of the parameter study it was possible to define a new enhanced LFBB configuration "Y8". This configuration allows an indifferent flight for the sub-/ transonic cruise flight at M<0.8 and is stable for M>0.8. The required canard deflections could be reduced to η can ≈3°a pplying a new canard planform with increased leading edge sweep and an asymmetric airfoil. The small canard deflections additionally indicate a potential for a further reduction of the canard size which may lead to a LFBB configuration which is stable along the complete return flight and which has a very robust trim behaviour. 
